1. Introduction {#s0005}
===============

Glucocorticoids have potent anti-inflammatory and immunosuppressive effects and are used for many inflammatory or autoimmune diseases. Glucocorticoid-induced osteoporosis (GIO) is the most common and serious adverse effect associated with glucocorticoid use. Glucocorticoids impair osteoblast function and induce the apoptosis of both osteoblasts and osteocytes, leading to a suppression of bone formation ([@bb0150]; [@bb0005]). Fragility fracture occurs in 30%--50% of patients receiving long-term glucocorticoid therapy. Bone loss occurs rapidly within the first 3--6 months of glucocorticoid therapy ([@bb0070]; [@bb0010]). There are strong associations between exposure to glucocorticoids and the risk of fractures. There is a dose-dependent risk of fracture for both the hips and the vertebrae ([@bb0130]).

Bisphosphonates are the most commonly used drugs in the treatment of GIO ([@bb0020]). Bisphosphonates are synthetic analogs of pyrophosphate, and they exert antiresorptive effects by being incorporated into osteoclasts at the bone surface ([@bb0030]). Bisphosphonates were also effective in preventing apoptosis of osteoblast and osteocyte apoptosis induced by glucocorticoids ([@bb0100]). In several randomized controlled trials, the bisphosphonates alendronate and risedronate showed an ability to inhibit the loss of bone mineral density (BMD) in the lumbar spine and femur, and they were also shown to significantly reduce the rate of vertebral fractures ([@bb0110]; [@bb0015]). Zoledronic acid was shown to increase BMD in the lumbar spine and femur more than risedronate in GIO patients ([@bb0105]). Although bisphosphonates have been used to treat patients with GIO, some patients do not improve BMD. BMD reduction alone should not be considered a failure of treatment with bisphosphonates ([@bb0025]). However, BMD is one of the indicators in considering whether the treatment should be changed. In GIO patients who show an inadequate response to bisphosphonates, denosumab or teriparatide could be alternatives to bisphosphonates.

Denosumab is a monoclonal human IgG2 antibody that binds to receptor activator of NF-κB ligand (RANKL), which is a cytokine essential for osteoclast differentiation and activation. Denosumab inhibits RANKL from binding to its receptor RANK, and it suppresses bone resorption by controlling osteoclast differentiation ([@bb0075]). Teriparatide \[recombinant human parathyroid hormone, rhPTH (1--34)\] is a bone anabolic agent used to treat osteoporosis. Intermittent teriparatide administration promotes osteoblast differentiation while suppressing osteoblast apoptosis ([@bb0060]; [@bb0155]).

Denosumab and teriparatide are drugs that are expected to increase the BMD of women with postmenopausal osteoporosis more than bisphosphonates ([@bb0065]; [@bb0045]). The effectiveness of denosumab and teriparatide has also been shown for GIO. Several studies indicated that in GIO patients, denosumab and teriparatide increased the lumbar and hip BMD compared to bisphosphonates ([@bb0115]; [@bb0120]; [@bb0125]). However, the evidence of the effectiveness of denosumab and teriparatide in GIO patients who present inadequate response to bisphosphonates is insufficient, and there are no data comparing the effectiveness of these two drugs in such GIO patients. As it stands, it is unclear which of these two drugs has a better therapeutic effect. We conducted the present study to prospectively compare the effects of denosumab and teriparatide on the BMD of GIO patients with prior bisphosphonate treatment.

2. Methods {#s0010}
==========

2.1. Study design {#s0015}
-----------------

This was a 24-month, prospective, open-label, non-randomized clinical trial conducted from 2014 to 2018 at a single center, Kindai University Hospital (Osaka, Japan). Patients with connective tissue disease and GIO who received bisphosphonates according to Japanese Society for Bone Mineral Research guidelines were enrolled ([@bb0135]). The inclusion criteria were as follows: (1) ≥20 years old, (2) treated with ≥5.0 mg/day oral prednisolone (PSL) therapy before enrollment, (3) with a low T-score BMD (\<−2.5) at the lumbar spine or femoral neck despite having been treated with one or more oral bisphosphonates for ≥2 years. The exclusion criteria were (1) pregnant and breast feeding women, and (2) patients who had been pretreated with denosumab or teriparatide.

Forty-seven patients with GIO were enrolled. Patients who chose daily subcutaneous injection and were judged by their physician to be capable of self-injection were assigned to the teriparatide group (n = 23), and other patients were assigned to the denosumab group (n = 24). In the denosumab group, patients were switched from the bisphosphonate to denosumab (60 mg subcutaneous injection, 1×/6 months). In the teriparatide group, patients were switched from the bisphosphonate to teriparatide (20 μg subcutaneous injection, 1×/day). During the study, the denosumab group also received elemental calcium or vitamin D, although not necessary for the teriparatide group.

The study was conducted according to the principles expressed in the Declaration of Helsinki of 1983, and it was approved by the Research Ethics Committee of Kindai University of Medicine. Written informed consent to participate and have their data published was obtained from all patients.

2.2. Assessments {#s0020}
----------------

The demographic characteristics recorded at baseline included the patient\'s age, sex, body mass index (BMI), and daily dose of PSL. At baseline and at months 6, 12, 18, and 24 of treatment with denosumab or teriparatide, the BMD of each patient\'s lumbar spine (L1--L4) and femoral neck and total hip of the non-dominant leg were measured by dual-energy X-ray absorptiometry (Discovery A, Hologic, Marlborough, MA, USA). A marker of bone resorption, i.e., tartrate-resistant acid phosphatase 5b (TRACP5b), and a marker of bone formation, i.e., procollagen type 1 N-terminal propeptide (P1NP) were similarly assessed at baseline and at months 6, 12, 18, and 24. The primary endpoint of the study was the percent change in the lumbar spine BMD from baseline to 24 months. The secondary endpoints were the percent changes in the femoral neck BMD, total hip BMD and the bone turnover markers TRACP5b and P1NP from baseline to 24 months.

2.3. Safety {#s0025}
-----------

The treating physicians performed the physical examinations and laboratory tests (hematological, blood chemistry, and urinalysis). All adverse events were recorded.

2.4. Statistical analyses {#s0030}
-------------------------

We used GraphPad Prism software (GraphPad Software, San Diego, CA) for all statistical analyses. The baseline characteristics of the denosumab and teriparatide groups were compared using the Mann-Whitney *U* test (the ratio of females was tested using Fisher\'s exact test). Similarly, the changes in the BMD and bone turnover markers were compared between the two patient groups by the Mann-Whitney *U* test. Within-group changes (between baseline and months 6, 12, 18 and 24) of the BMD and bone turnover markers were assessed by paired *t*-test. The relationship between the baseline patient age, BMI, PSL dose, BMD and bone turnover markers, the average dose of PSL during study period, and the percent change in BMD were evaluated by a Spearman rank correlation analysis. The relationship between the percent changes in bone turnover markers and the percent changes in BMD were also evaluated by a Spearman rank correlation analysis. P-values \<0.05 were considered significant.

3. Results {#s0035}
==========

3.1. Baseline characteristics and patient disposition {#s0040}
-----------------------------------------------------

The reason patients switched their treatment from bisphosphonates to denosumab or teriparatide was lack of BMD response, not intolerance or new fracture under bisphosphonate treatment. Of the 47 patients (24 patients in the denosumab and 23 patients in the teriparatide groups), four patients in the denosumab group and two patients in the teriparatide group were discontinued. In the denosumab group, the reasons were: withdrawal due to worsening of the underlying disease (n = 2), moving away at the patient\'s request (n = 1), withdrawal due to the patient\'s request (n = 1). In the teriparatide group, the reasons were: moving away at the patient\'s request (n = 1) and withdrawal due to worsening of the underlying disease (n = 1). A final total of 41 patients was analyzed (denosumab group, n = 20; teriparatide group, n = 21). The patients\' underlying connective tissue diseases are listed in [Table 1](#t0005){ref-type="table"}. In the denosumab group, the number of patients who had taken alendronate as their prior treatment was 13 (54.2%); nine patients (37.5%) had taken risedronate, and two (8.3%) had taken minodronate. Similarly, in the teriparatide group 11 patients (47.8%) had taken alendronate, eight (34.8%) had taken risedronate, and four (17.4%) had taken minodronate.Table 1The patients\' underlying connective tissue diseases.Table 1Denosumab groupTeriparatide groupDiseasen = 24n = 23Polymyositis, dermatomyositis38Systemic lupus erythematosus73Rheumatoid arthritis52Polymyalgia rheumatica31ANCA-associated vasculitis31Systemic sclerosis13Overlap syndrome10RS3PE syndrome10Sjögren syndrome01Mixed connective tissue disease01Takayasu arteritis01Polyarteritis nodosa01Spondyloarthritis01[^1][^2]

The baseline characteristics of patients are summarized in [Table 2](#t0010){ref-type="table"}. There were no significant differences in the background between the two groups in age, sex, BMI, PSL dose, duration of PSL and bisphosphonate treatment, BMD, or bone turnover markers at baseline. No significant difference was found in the daily average dose of PSL during study period between the two groups: 5.1 ± 3.1 mg/day, denosumab group; 5.3 ± 2.7 mg/day, teriparatide group.Table 2Clinical characteristics at baseline.Table 2Denosumab groupTeriparatide groupP-valueCharacteristicsn = 20n = 21Age, years66.7 ± 10.761.1 ± 11.70.07Female, %951000.49BMI, kg/m^2^21.3 ± 3.319.4 ± 2.90.35Duration of prednisolone treatment, months177.7 ± 99.6185.5 ± 116.10.96Dose of prednisolone at entry, mg6.3 ± 4.75.7 ± 3.50.78Duration of bisphosphonate treatment, months138.7 ± 88.7134.7 ± 75.70.97BMD, g/cm^2^ Lumbar spine0.74 ± 0.110.73 ± 0.110.65 T score−2.59 ± 1.02−2.77 ± 1.080.51 Femoral neck0.50 ± 0.080.50 ± 0.060.57 T score−2.70 ± 0.63−2.61 ± 0.520.49 Total hip0.63 ± 0.090.64 ± 0.090.74 T score−2.13 ± 0.69−2.02 ± 0.870.70Bone turnover markers Serum TRACP-5b, mU/dL314.7 ± 134.4269.5 ± 138.40.27 Serum P1NP, μg/L30.5 ± 20.626.4 ± 19.70.26[^3]

3.2. Changes in BMD {#s0045}
-------------------

[Fig. 1](#f0005){ref-type="fig"} illustrates the percent changes in BMD of the lumbar spine, femoral neck, and total hip over the 24-month treatment period. At 24 months, the lumbar spine BMD had increased significantly from baseline in both groups ([Fig. 1](#f0005){ref-type="fig"}A). The percent changes in the lumbar spine BMD from baseline to 24 months were 5.9 ± 5.6% (P \< 0.001) and 7.9 ± 5.4% (P \< 0.001) for the denosumab and teriparatide groups, respectively. At 24 months, there was no significant difference in the lumbar spine BMD between the two groups, but at 6 and 12 months, the changes were significantly greater in the teriparatide group compared to the denosumab group (P \< 0.05 and P \< 0.01, respectively). In the femoral neck, the percent changes in BMD from baseline to 24 months were 1.5 ± 5.0% (P = 0.21) and 6.6 ± 10.8% (P \< 0.05) for the denosumab and teriparatide groups, respectively ([Fig. 1](#f0005){ref-type="fig"}B). The femoral neck BMD at 24 months had increased significantly from baseline in only the teriparatide group. No significant increase was revealed in the femoral neck BMD in the denosumab group. As in the lumbar spine, there was no significant difference between the two groups at 24 months in the femoral neck, but at 12 months, greater increase was found in the teriparatide group (P \< 0.05). The percent changes in the total hip BMD from baseline to 24 months were −0.1 ± 5.6% and 3.3 ± 7.5% for the denosumab and teriparatide group, respectively ([Fig. 1](#f0005){ref-type="fig"}C). The total hip BMD decreased after 12 months of treatment in both groups, but this decline was reversed at 24 months in the teriparatide group. No significant change from baseline in the total hip BMD was observed in either group, but there was a trend for improvement in the teriparatide group (P = 0.06). There were no significant differences in the total hip BMD between the denosumab and teriparatide groups through the observatory period (6, 12, 18, and 24 months). During the study period, clinical vertebral fractures occurred in 2 patients in the denosumab group.Fig. 1Mean percent changes in BMD from baseline to 24 months in the lumbar spine (A), femoral neck (B), and total hip (C). Error bars: SEM. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 vs. baseline. †P \< 0.05, ‡P \< 0.01, Denosumab group vs. Teriparatide group.Fig. 1

3.3. Changes in the bone turnover markers {#s0050}
-----------------------------------------

The changes in bone turnover markers are shown as a percentage change from baseline ([Fig. 2](#f0010){ref-type="fig"}). In the denosumab group, the patients\' serum TRACP-5b levels were decreased significantly from baseline at 6, 12, 18 and 24 months. In the teriparatide group, the serum TRACP-5b levels were increased significantly at each of the treatment time points ([Fig. 2](#f0010){ref-type="fig"}A). Similarly, the serum P1NP levels increased significantly at each time point in the teriparatide group but decreased significantly at 6 and 12 months in the denosumab group ([Fig. 2](#f0010){ref-type="fig"}B).Fig. 2Percent changes in serum TRACP-5b (A) and P1NP (B) from baseline to 24 months. Error bars: SEM. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 vs. baseline. †P \< 0.001, Denosumab group vs. Teriparatide group. TRACP-5b, tartrate-resistant acid phosphatase 5b; P1NP, procollagen type 1 N-terminal propeptide.Fig. 2

3.4. The correlations between the BMD response and other factors {#s0055}
----------------------------------------------------------------

In the denosumab group, lower baseline BMD levels were associated with greater increases in the lumbar spine BMD at 24 months (data not shown). No significant relationships were found between the percent change in any BMD site and the patients\' baseline age, BMI, PSL dose, and bone turnover markers, or the daily average dose of PSL during study period. There was no significant correlation between the percent change of BMD and the percent change of bone turnover markers.

3.5. Adverse events {#s0060}
-------------------

A summary of the adverse events is provided in [Table 3](#t0015){ref-type="table"}. There were no significant differences between the denosumab and teriparatide groups in the number of each type of adverse event. Mild asymptomatic hypercalcemia (\>11.2 mg/dL) was reported in three patients in the teriparatide group. Since one of them was taking vitamin D, hypercalcemia was resolved by discontinuing vitamin D. The other two patients were observed without any additional treatment. None of the adverse events in either group led to treatment discontinuation.Table 3Adverse events.Table 3Denosumab groupTeriparatide groupP-valueCharacteristicsn = 20n = 21Any adverse events5 (25.0)6 (28.6)1.00Bronchitis1 (5.0)00.49Pneumonia2 (10.0)1 (4.8)0.61Colitis01 (4.8)1.00Rash1 (5.0)00.49Thrombophlebitis1 (5.0)00.49Hypercalcemia03 (14.3)0.23[^4]

4. Discussion {#s0065}
=============

Osteoporosis is the most common and serious adverse effect associated with glucocorticoid therapy. The normal bone turnover depends on the balance between osteoblastic bone formation and osteoclastic bone resorption ([@bb0050]; [@bb0085]). Treatment with a glucocorticoid can cause an imbalance of bone formation and bone resorption, which leads to bone loss. GIO is characterized by decreased bone formation due to increased apoptosis of osteoblasts and osteocytes ([@bb0150]; [@bb0005]). Besides the decrease in bone formation, there is at least a temporarily increase of bone resorption due to increased both in the number and activity of osteoclasts ([@bb0020]).

Although bisphosphonates are the first-line agents for treating GIO ([@bb0020]), the alternatives are not clear in patients with prior bisphosphonate treatment. The effectiveness of denosumab and teriparatide for GIO has been reported ([@bb0115]; [@bb0120]; [@bb0125]), but most of the reported results were those of bisphosphonate-naïve patients. Obermayer et al. conducted a 24-month randomized controlled trial examining patients with postmenopausal osteoporosis, and they reported that teriparatide treatment was associated with a significant increase in BMD in the patients who had shown an inadequate response to antiresorptive treatment occupying 93.0% with bisphosphonates ([@bb0095]). Although prior antiresorptive treatment modestly blunted the BMD response to teriparatide, they showed that the patients\' BMD values increased significantly from baseline; the mean percent changes were 9.8%, 3.9%, and 2.3% in the lumbar spine, femoral neck, and total hip, respectively. However, in GIO patients, the therapeutic potential of teriparatide remains unclear.

There are a few reports about the effectiveness of denosumab in GIO patients who were treated previously with bisphosphonates. Mok et al. performed a 12-month randomized controlled trial to evaluate the effect of switching bisphosphonates to denosumab on their patients\' BMD ([@bb0090]), and they observed that compared to the continuation of the bisphosphonates, switching to denosumab was associated with a greater increase in the lumbar spine BMD (+1.5% vs. +3.4%, respectively), but not in the femoral neck or total hip BMD values. In contrast, Suzuki et al. reported that switching bisphosphonates to denosumab did not significantly improve the lumbar spine BMD in their retrospective study ([@bb0140]). These studies\' results suggest that the treatment effect of denosumab might be limited in GIO patients switching from bisphosphonate treatment. Our present findings support this hypothesis; i.e., that the therapeutic effect of denosumab might be limited by prior bisphosphonate treatment. Our findings also clarify the efficacy of teriparatide in GIO patients with prior bisphosphonate treatment.

Our assessment of denosumab\'s and teriparatide\'s effects on the BMD of GIO patients with prior bisphosphonate treatment demonstrated that after 24 months, a significant increase occurred in the lumbar spine and femoral neck BMD in the teriparatide group, but only in the lumbar spine BMD in the denosumab group. At 12 months, teriparatide group showed a greater increase in the lumbar spine and femoral neck BMD than denosumab group. Though the difference was not statistically significant, this tendency continued until 24 months. Our data suggest that teriparatide has better therapeutic effects than denosumab in GIO patients receiving bisphosphonates as pretreatment.

Bone turnover markers have been used as a tool for monitoring patients\' responses to treatment for osteoporosis ([@bb0035]). Changes in bone turnover markers are associated with later changes in BMD. The levels of both serum P1NP and TRACP5b are increased with teriparatide treatment and decreased with denosumab treatment, and similarly in our study, the levels of both serum P1NP and TRACP5b increased significantly in the teriparatide group and decreased significantly in the denosumab group at the early phase of treatment. These changes may have brought about an increase in the lumbar spine BMD at 24 months in both patient groups. However, these changes in bone turnover markers are not sufficient to explain the differences in therapeutic effects between our denosumab and teriparatide groups.

Only a few studies compared denosumab and teriparatide ([@bb0080]; [@bb0040]; [@bb0055]). In the Denosumab And Teriparatide Administration (DATA) extension study, which described excellent therapeutic effects of a combination of both denosumab and teriparatide for treating postmenopausal osteoporosis, the increases in the lumbar spine, femoral neck, and total hip BMD did not differ significantly between the denosumab monotherapy group and the teriparatide monotherapy group after 24 months of treatment ([@bb0080]).

Ebina et al. conducted an observational, non-randomized study switching bisphosphonate to denosumab or teriparatide in osteoporosis patients with rheumatoid arthritis ([@bb0040]). In their study, 56.7 to 70.0% of patients used glucocorticoids. After 18 months, the switch to denosumab and the switch to teriparatide both resulted in higher increases in the lumbar spine, femoral neck, and total hip BMD compared to the values observed in the bisphosphonate continuation patients. The patients who were switched to teriparatide showed a significantly greater increase in lumbar spine BMD compared to the patients switched to denosumab (+9.5% vs. +5.2%).

The evidence of the effectiveness of denosumab and teriparatide in GIO patients who present inadequate response to bisphosphonates is insufficient. The results of our analyses demonstrated that teriparatide may have a higher therapeutic potential than denosumab for GIO patients with prior bisphosphonate treatment. Osteoporotic patients who have been treated with bisphosphonates have already had their bone turnover sufficiently suppressed. Thus, denosumab (which suppresses bone turnover like bisphosphonates do) may not be able to achieve increased bone mineral density. In addition, since GIO is caused mainly by a suppression of bone formation, we consider teriparatide appropriate for the treatment of GIO because of its effect characterized by the promotion of bone formation.

There were no significant differences in adverse events between our denosumab and teriparatide groups. In the teriparatide group, mild asymptomatic hypercalcemia was observed in the cases of three patients, but none resulted in treatment discontinuation.

Our study has some limitations. First, the lack of randomization and blinding may have created a selection bias. Second, our sample size was small (n = 41), and the primary endpoint was the percent changes in BMD, not the incidence of fractures. There was no power calculation performed in which to determine sample size. The patients in the teriparatide group tended to be younger than those in the denosumab group. This might be related to the superiority of teriparatide. Although the age difference between the two groups was not statistically significant, the small sample size may not eliminate a type II error. Thus, the ages of the two groups while not statistically different might be important clinically. The increase in the femoral neck BMD in our study was better in the teriparatide group and worse in the denosumab group than in previous reports ([@bb0040]; [@bb0095]). Although the exact cause of these discrepancies is unknown, there were differences in baseline characteristics of patients between our study and previous reports in that our study had a longer duration of treatment with corticosteroids and bisphosphonates. In our results of the changes in BMD, there were deviations between the femoral neck and the total hip. These results seem unfamiliar. In our study, already at baseline, there was a difference in BMD between the femoral neck and the total hip, with the femoral neck showing a lower T-score than the total hip. This may be related to the larger increase in BMD in the femoral neck than in the total hip. The most important therapeutic effect of osteoporosis is the prevention of fractures. Since the threshold for BMD causing fractures in GIO may be higher than the BMD threshold in postmenopausal osteoporosis ([@bb0145]), the increase in BMD may not necessarily be associated with fracture suppression. It may be insufficient to determine the treatment effect solely by measuring the BMD without assessing the incidence of fractures. However, the BMD is an important predictor of fractures, and therefore it is very significant to evaluate the changes in BMD considering fracture prevention.

In recent years, the emergence of molecular targeted agents has advanced the treatment of rheumatic diseases, but the role played by glucocorticoids remains significant. The optimal management of GIO is thus an important problem. It is necessary to properly use drugs such as bisphosphonates, denosumab, and teriparatide when treating GIO patients. Our study provides new findings for considering alternatives for GIO patients with prior bisphosphonate treatment.

5. Conclusions {#s0070}
==============

In our 24-month study, a significant increase was demonstrated in the lumbar spine and femoral neck BMD in the teriparatide group, and in only the lumbar spine BMD in the denosumab group. In an earlier phase, the teriparatide group showed greater increase in the lumbar spine and femoral neck BMD than in the denosumab group. Teriparatide might have some advantages over denosumab and might be a good alternative for treating GIO patients who received bisphosphonates as pretreatment. Further studies of larger patient populations are necessary, with fractures as the primary endpoint.
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[^1]: Antineutrophil cytoplasmic antibody; ANCA.

[^2]: RS3PE; Remitting Seronegative Symmetrical Synovitis with Pitting Edema.

[^3]: Data are mean ± SD. BMI, body mass index; BMD, bone mineral density; TRACP-5b, tartrate-resistant acid phosphatase 5b; P1NP, procollagen type 1 N-terminal propeptide.

[^4]: Values are the number (%).
